Abstract: A collaborative study was conducted to evaluate an indirect enzymatic method for the analysis of fatty acid esters of 3-monochloro-1,2-propanediol (3-MCPD), 2-monochloro-1,3-propanediol (2-MCPD), and glycidol (Gly) in edible oils and fats. The method is characterized by the use of Candida rugosa lipase, which hydrolyzes the esters at room temperature in 30 min. Hydrolysis and bromination steps convert esters of 3-MCPD, 2-MCPD, and glycidol to free 3-MCPD, 2-MCPD, and 3-monobromo-1,2-propanediol, respectively, which are then derivatized with phenylboronic acid, and analyzed by gas chromatographymass spectrometry. In a collaborative study involving 13 laboratories, liquid palm, solid palm, rapeseed, and rice bran oils spiked with 0.5-4.4 mg/kg of esters of 3-MCPD, 2-MCPD, and Gly were analyzed in duplicate. The repeatability (RSD r ) were < 5% for five liquid oil samples and 8% for a solid oil sample. The reproducibility (RSD R ) ranged from 5% to 18% for all oil samples. These RSD R values were considered satisfactory because the Horwitz ratios were ≤ 1.3% for all three analytes in all oil samples. This method is applicable to the quantification of 3-MCPD, 2-MCPD, and Gly esters in edible oils.
INTRODUCTION
Fatty acid esters of 3-monochloro-1,2-propanediol 3-MCPD and glycidol Gly are known as contaminants in foods and edible oils. In 1978, free chlorinated propanols, especially 3-MCPD, were detected in acid-hydrolyzed vegetable protein acid-HVP and in soy sauce 1 . Codex established the maximum level of 3-MCPD in liquid seasonings containing acid-HVP based on an international risk evaluation 2 . In the 1980s, 3-MCPD fatty acid esters 3-MCPD-Es were found in trace amounts in heat-processed foods 3, 4 .
The reports of Weißhaar on the presence of 3-MCPD-Es 2008 5 and glycidol fatty acid esters Gly-Es 2009 6, 7 in edible oils raised much concern in Europe. Gly-Es were also found in diacylglycerol DAG -enriched oils marketed in Japan 8 , which attracted public attention.
It is possible that 3-MCPD-Es and Gly-Es in foods and oils are hydrolyzed in vivo to the free-form carcinogens 3-MCPD and Gly. The Japanese Food Safety Commission reported that the toxicity of Gly-Es in DAG-enriched oil was unconfirmed and denied that they showed carcinogenesis promoting activity 9 . However, the commission did not deny the possibility that Gly-Es might be a genotoxic carcinogen, recommending that Gly-Es levels should be kept as low as possible. The commission also suggested that 3-MCPD-Es would not be genotoxic in vivo. International organizations, such as FAO/WHO Joint Expert Committee on Food Additives JECFA and European Food Safety Authority EFSA , have conducted monitoring surveys and toxicity studies of 3-MCPD-Es and Gly-Es. From 2007 to 2009, German Bundesinstitut für Risikobewertung BfR conducted a risk assessment under the assumption that the human body absorbed all Gly resulting from the complete hydrolysis of Gly-Es consumed at concentrations found in foods determined using non-validated methods.
In recent years, the concentrations of 3-MCPD-Es and Gly-Es in edible oils and foods have been surveyed in Japan 10 and other countries 11 . The results of these surveys require continual updating using more precise validated methods. Food manufacturers are voluntarily maintaining or lowering the amounts of 3-MCPD-Es and Gly-Es in their products, and using analysis to monitor their achievements. Direct and indirect methods have been developed for the analysis of 3-MCPD-Es, 2-monochloro-1,3-propanediol fatty acid esters 2-MCPD-Es , and Gly-Es in edible oils 12 .
In the direct methods, the sample is purified by solid-phase extraction and then individual esters are analyzed by liquid chromatography-mass spectrometry LC-MS . A direct analytical method for Gly-Es, reported by Shiro et al., was validated by a joint study by Japan Oil Chemists Society JOCS and American Oil Chemists Society AOCS , and was registered as the JOCS Standard Method for the Analysis of Fats, Oils, and Related Materials 2.4.13-2013 13, 14 .
Two direct methods for the analysis of 3-MCPD-Es have been reported by Yamazaki et al. 15 and Hori et al. 16, 17 . As 3-MCPD can form mono-and diesters with various fatty acids, the direct methods required numerous standard materials and various procedures for sample purification. These direct methods are suitable for the toxicological assessment of individual compounds and elucidation of their formation mechanisms. In the indirect methods, the esters are hydrolyzed and the resulting glycerol skeletons analyzed by gas chromatography-mass spectrometry GC-MS . The indirect methods have the advantage over direct methods of requiring only a few standard reagents. In 2013, AOCS registered three indirect methods, Cd 29a, Cd 29b, and Cd 29c, differentiated by their ester cleavage conditions 18 20 . Method Cd 29a performs ester hydrolysis under acidic conditions, whereas method Cd 29b uses alkaline conditions. Both methods require more than 10 hours for hydrolysis. Method Cd 29c performs ester hydrolysis under alkaline conditions with shorter reaction times, but cannot be used for the quantification of 2-MCPD-Es. These AOCS methods require both reference standards and deuterated internal standards in ester form to correct for ester cleavage efficiencies and unintended side reactions between analytes. Using reference standards in the ester form necessitates long hydrolysis times, as needed for the sample being analyzed, to construct calibration curves. An indirect method using a lipase for ester cleavage was developed by Miyazaki et al. 21 and was improved through preliminary and feasibility studies conducted by the MCPD subcommittee organized within JOCS for method validation 22 . In this method, ester hydrolysis is completed in 0.5 hour at room temperature. In addition, the method has the advantage that reference standards need not be in ester form, which eliminates the need for hydrolysis to construct calibration curves. Here, we report the results of a full collaborative study conducted by 13 participating laboratories to validate the improved method.
EXPERIMENTAL

Reagents
Of the ester standard reagents, 3-MCPD dioleate and glycidyl oleate were purchased from Wako Pure Chemical Japan , and 2-MCPD dipalmitate was purchased from Toronto Research Chemicals Canada . Of the free standard reagents, 3-MCPD and 3-monobromo-1,2-propanediol 3-MBPD were purchased from Wako Pure Chemical, 3-MCPD-d 5 from CDN Isotopes Canada , and 2-MCPD, 2-MCPD-d 5 , and 3-MBPD-d 5 from Toronto Research Chemicals. 3-MBPD and 3-MBPD-d 5 were used for the determinations of Gly-Es. Lipase AYS Amano derived from Candida rugosa was purchased from Wako Pure Chemical. These chemical reagents were distributed to all the laboratories participating in the collaborative study. The participating laboratories separately purchased phenylboronic acid PBA; purity ≥ 97 , special grade organic solvents, and salts.
A 30 w/v sodium bromide aqueous solution was prepared and adjusted to pH 5.0 with citric acid and disodium hydrogen phosphate aqueous solutions. This solution was used to prepare a sodium bromide aqueous solution containing 90 U/mL lipase by dissolving Candida rugosa lipase. A PBA solution was prepared by dissolving 0.25 g PBA in 10 mL water/acetone mixed solution 1:19, v/v .
For the standard stock solutions, 300 μg/mL ethanol solutions were prepared for 3-MCPD, 2-MCPD, and 3-MBPD, and 200 μg/mL ethanol solutions were prepared for 3-MCPD-d 5 , 2-MCPD-d 5 , and 3-MBPD-d 5 as internal standard stock solutions. These stock solutions could be stored at ≤ 20 for at least three months. On the day of the study, each standard stock solution was diluted with the 30 sodium bromide aqueous solution to prepare 15 μg/mL standard mix I and 1.5 μg/mL standard mix II. Additionally, 2.0 μg/mL internal standard mix was prepared by combining each of the internal standard stock solutions and diluting it with the 30 sodium bromide aqueous solution.
Oil samples
Commercially available rapeseed, palm liquid and solid , and rice bran oils were used as samples in the collaborative study. Extra virgin olive oil was chosen as a practice sample. Samples were spiked with ester standards, as shown in Table 1 
Equipment
A temperature-controlled water bath DH-12; TAITEC, Japan , a vortex mixer HM-10H; AS ONE, Japan , a centrifuge Model 4000; Kubota, Japan , a nitrogen gas sprayer EN-10/DTU-1BN; TAITEC , and a GC-MS Quantum GC and TRACE GC Ultra; Thermo Fisher Scientific, USA , or equivalent apparatuses were used by each laboratory. For high-speed shaking, participants were asked to use one of the following shakers: I, one that shakes vertically mounted test tubes in an eccentric orbital motion at 1,800 rpm e.g., CM-1000; Tokyo Rikakikai, Japan ; II, one that shakes vertical mounted test tubes in a vertical reciprocating motion at 200 rpm e.g., BF-40LF; TAITEC ; or III, one that shakes test tubes mounted at 60 from the axis in a horizontal reciprocating motion at 200-400 rpm e.g., MW-1; AS ONE see Table 2 .
Procedures for analysis of oil samples and construction of calibration curves
The method developed by Miyazaki et al. 21 and modified following the feasibility study by JOCS 22 was used in this study Fig. 1 . From each vial, 0.1 g of oil sample was weighed into separate 10 mL test tube, in duplicate. The oil sample was dissolved in 200 μL of isooctane, with an exception of the solid oil sample, which was dissolved in 500 μL of isooctane and heated to 45-60 for complete dissolution. After adding 3 mL of the 30 sodium bromide aqueous solution containing 90 U/mL lipase, the mixture was shaken by a high-speed shaker for 30 min at room temperature to hydrolyze the esters. The mixture was then heated in a water bath at 80 for 10 min to achieve the bromination of Gly to 3-MBPD. The mixture was cooled to room temperature, and 50 μL of 2.0 μg/mL internal standard mix was added. The mixture was washed twice with 3 mL of hexane by vortexing for 10 sec, and to the resulting aqueous layer, a 100 μL PBA solution was added. After vortexing for a further 10 sec, 3 mL of hexane was added, followed by high-speed shaking for 5-10 min. The resulting organic layer was collected, dehydrated with sodium sulfate, and concentrated to approximately 0.5-0.8 mL under a stream of nitrogen. After filtration through a 0.2 μm membrane filter, the samples were subjected to GC-MS analysis. For the construction of calibration curves, the 1.5 μg/mL standard mix II in quantities of 5, 20, 50, and 100 μL, and the 15 μg/mL standard mix I in quantities of 20, 35, 50, and 80 μL, were added into different 10 mL test tubes. To each test tube containing 0.0075, 0.030, 0.075, 0.15, 0.30, 0.53, 0.75, or 1.2 μg of each standard, a mixture of 50 μL of the 2.0 μg/mL internal standard mix and 3 mL of the 30 sodium bromide aqueous solution was added, and PBA derivatization was performed as described above.
GC-MS measurements
A GC capillary column was used with a 5 -phenyl -methylpolysiloxane liquid phase, 30 m length, 0.25 mm internal diameter, and 0.25 μm film thickness. Some laboratories used a guard column, and one laboratory used a programmed temperature vaporizer PTV function in the inlet, at their own discretion see Table 2 . The carrier gas was helium at a fixed flow rate of 1.2 mL/min. The sample was injected in splitless mode at 250 . The column oven temperature was held at 60 for 1 min, then raised to 150 at 10 /min, 180 at 3 /min, and finally 300 at 30 / min, before being held at 300 for 8 min total run 32 min . 
Collaborative Study
This collaborative study was performed by thirteen laboratories in Japan. The participants analyzed the practice sample first, followed by the six blind samples Nos. 1-6 in Table 1 in duplicate. The free-form equivalent concentrations of 3-MCPD, 2-MCPD, and Gly were calculated using the internal standards and the calibration curves, and were reported to the coordinator corresponding author . The coordinator analyzed the distributed samples and the corresponding blank oils not spiked in duplicate, and confirmed the homogeneity of the oil samples by duplicate analysis of six vials selected randomly from the distributed samples of rapeseed oil No. 1 and rice bran oil No. 6 , respectively.
RESULTS AND DISCUSSION
3.1 Preliminary performance evaluation of the analytical method by the coordinator Typical GC-MS chromatograms of the PBA derivatives of 3-MCPD, 2-MCPD, and 3-MBPD brominated Gly obtained by the coordinator are shown in Figs. 2 and 3 . The analytes in the standard and the oil sample were separated without interruption. The distributed oil samples were spiked with ester standards to blank oils. As shown in Table 3 , the homogeneities of the two oil samples were confirmed by one-way analysis of variance. The homogeneities of the other oil samples were considered guaranteed because they were prepared in the same manner. As shown in Table  4 , satisfactory recovery rates, in the range 95.1-113.7 , were obtained for all spiked samples. These results suggested that the method was ready for the collaborative study.
Collaborative study
The results for the free-form equivalent concentrations mg/kg of all analytes in all oil samples analyzed by all participant laboratories are shown in Table 5a 4 for 3-MCPD, 1.8 for 2-MCPD, and 2.8 for Gly. The RSD r for 3-MCPD was slightly larger in solid palm oil. The reproducibility relative standard deviations RSD R for liquid oils were 18.0 for 3-MCPD, 11.7 for 2-MCPD, and 7.5 for Gly. The large RSD R for 3-MCPD in rapeseed oil No. 5 was considered to be due to the low analyte concentration. The RSD R values for solid palm oil No.2 were 18.0 for 3-MCPD, 8.6 for 2-MCPD, and 7.7 for Gly. These RSD r and RSD R values were similar or smaller than RSD r 3.5-9. 9 and RSD R 6.4-31.8 reported for palm oil samples containing 1-11 mg/kg in the collaborative study conducted by AOAC in 2013 for three indirect methods 23 . Horwitz ratios HORRAT for all oils were 1.33 for 3-MCPD, 0.80 for 2-MCPD, and 0.53 for Gly. The Horwitz ratio of 2 means that the current method meets one of the acceptability criteria for recently adopted chemical methods for analysis of AOAC INTER-NATIONAL 24, 25 .
Two identical rapeseed oil samples No. 1 and 4 were analyzed under blind conditions to check for possible bias in the analysis potentially caused by an unconscious will for data adjustment, even when taking samples from the same unlabeled vial. When calculated using only the first data of the duplicate analyses of No. 1 and 4, respectively, as a blind duplicate, the RSD r values were 3.5 for 3-MCPD, 2.0 for 2-MCPD, and 2.0 for Gly. As these values were in the same range as those calculated for No. 1 and 4 independently Table 5a and 5b , it was considered that no bias was observed.
The solid palm oil sample No. 2 had an iodine value of 43 Table 1 and a rising melting point of 50 . The RSD R for 3-MCPD in the solid palm oil was 18.0 , which was slightly higher than those of other oil samples containing similar analyte amounts No. 1, 3, 4, and 6 . As detailed in the experimental section, participating laboratories were instructed to dissolve the solid oil sample in isooctane by heating the sample to 45-60 . Three laboratories C, F, and M , in which the sample was heated to 50 or lower, reported lower 3-MCPD concentrations than the other laboratories, in which the sample was heated to 60 . These lower concentration results for 3-MCPD-Es in the solid oil sample were suspected to be due to incomplete dissolution. Thus, for complete dissolution, a temperature at 60 would be recommended. As this indirect method utilizes enzymatic activity, the reaction solvent contained more water than those in the three indirect AOCS official methods. While the water content might hinder the dissolution of oils with higher melting points, it was found that this could be overcome by heating and vigorous shaking. Thus, the current method is expected to be applicable to a wide range of oils and fats.
The concentrations of all three analytes in the rapeseed oil sample No. 5 were in the range 0.61-0.87 mg/kg Table 5c , which was within the range of concentrations normally found in many commercial oils. The RSD r values for the rapeseed oil sample were 2.6 for 3-MCPD, 3.4 for 2-MCPD, and 1.9 for Gly, which were considered sufficiently small. The RSD R values were 18.0 for 3-MCPD, 9.7 for 2-MCPD, and 7.5 for Gly. The larger RSD R value of 3-MCPD compared with those of 2-MCPD and Gly was attributed to the selected-ion monitoring chromatogram of the 3-MCPD derivative, which was probably influenced by general background contaminants such as column bleed. The influence appeared to be more pronounced in samples containing low levels of analytes. The Horwitz ratios were also less than 2, calculated as 1.05 for 3-MCPD, 0.57 for 2-MCPD, and 0.46 for Gly, indicating that the current method could be suitable for the determination of 3-MCPD, 2-MCPD, and Gly at low concentrations in various oil samples. The limit of quantification LOQ was calculated as LOQ 10σ /S, where σ is the residual standard deviation and S is the slope of the calibration curve. The LOQ values from participating laboratories were calculated as 1-46 ng 14 ng average for 3-MCPD, 3-59 ng 14 ng average for 2-MCPD, and 1-41 ng 6 ng average for Gly. The highest LOQ for 2-MCPD, 59 ng, corresponded with 0.59 mg/kg in a 0.1 g oil sample. The lowest concentration found in all oil samples was 0.62 mg/kg for 2-MCPD in the rapeseed oil sample No. 5 . Therefore, all three analytes in all oil samples were considered to be within the LOQ. Participating laboratories used their own equipment and instruments for the analysis. In a previous report, we described the importance in the conditions of the high-speed shaker used for ester cleavage and solvent extraction. Participating laboratories were asked to choose one of the three sets of conditions regarding the mode and speed of shaking, and the test tube mounting angle, as shown in Table 2 . Although there were considerable variations in high-speed shakers and GC-MS systems used, including the capillary columns, the RSD R values were all within the acceptable range. Thus, the current method can be used for rapid quantitative analysis of esters of 3-MCPD, 2-MCPD, and Gly in edible oils and fats by laboratories equipped with standard analytical instruments.
CONCLUSION
A collaborative study was conducted to evaluate an indirect enzymatic method for the analysis of fatty acid esters of 3-monochloro-1,2-propanediol 3-MCPD , 2-monochloro-1,3-propanediol 2-MCPD , and glycidol Gly in edible oils and fats. Thirteen laboratories analyzed liquid palm, solid palm, rapeseed, and rice bran oils containing 3-MCPD, 2-MCPD, and Gly at 0.6-5.0 mg/kg levels as freeform equivalents. The repeatability RSD r were 5 for the five liquid oil samples and 8 for the solid oil sample. The reproducibility RSD R ranged from 5 to 18 for all oil samples, which were considered satisfactory because the Horwitz ratios were ≤ 1.3 for all three analytes in all oil samples. This method is applicable to the quantification of 3-MCPD, 2-MCPD, and Gly esters in edible oils.
